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Abstract

INTRODUCTION: Associations between amyloid-tau-neurodegeneration (ATN)

plasma biomarkers and cognition have not been characterized in adults with type 1

diabetes (T1D).

METHODS: Using data from participants in the Glycemic Variability and Fluctuations

in Cognitive Status in Adults with T1D (GluCog) study (N = 114), we evaluated associ-

ations between phosphorylated tau (pTau)181, pTau217, β-amyloid 42/40 ratio, glial

fibrillary acidic protein (GFAP), and neurofilament light (NfL) and self-administered

digital cognitive tests, adjusting for age, sex, education, comorbidities (e.g., kidney

disease), and glycemic indices.

RESULTS: Higher concentrations of pTau181 and GFAP were associated with slower

responses on working memory tasks (pTau181: β = 0.261; p = 0.007; GFAP: β = 0.175,

p = 0.036), and higher β-amyloid 42/40 ratio was associated with better vocabulary

(β= 0.260, p= 0.009).
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Discussion: Digital cognitive performance was associated with several ATN plasma

biomarkers in T1D adults. Prospective studies are needed to understand the utility of

these biomarkers in T1D.
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Highlights

∙ There is an increase in life expectancy for individuals with type 1 diabetes (T1D).

∙ Few studies investigate the relationship between T1D and neurodegeneration.

∙ We characterize the relation between ATN plasma biomarkers and cognitive

function.

∙ Digital cognitive performancewas associatedwith plasmabiomarkers in T1Dadults.

1 INTRODUCTION

Recent years have seen a considerable rise in the number of individu-

als diagnosed with type 1 diabetes (T1D), along with an increase in life

expectancy.1 T1D is a chronic autoimmune disease characterized by

the destruction of insulin-producing beta cells in the pancreas. Insulin

is known to play a key role in regulating biochemical processes related

to cognitive functioning,2 Individuals with longstanding T1D accumu-

late risk factors for cognitive decline and Alzheimer’s disease (AD) and

relateddementias (ADRD) includingmicro- andmacrovascular disease,

chronic hyperglycemia, and severe hypoglycemia.3–5

Evidence suggests that middle-aged individuals with T1D have ele-

vated levels of cerebrospinal fluid (CSF) AD biomarkers,6 and that

older adultswith T1Dhave an elevated risk of developingADRD7 com-

pared to individuals without diabetes. A large body of research has

demonstrated consistent associations of type 2 diabetes (T2D) with

a greater risk of mild cognitive impairment (MCI) and ADRD.8 How-

ever, there are fewer studies examining the relationships between T1D

and neurodegeneration, and it remains unclear how much AD and tau

pathology contribute to cognitive dysfunction in this population. A

recent study using plasma β-amyloid 42/40, phosphorylated tau (ptau)

181, neurofilament light chain (NfL), and glial fibrillary acidic protein

(GFAP) found that higher concentrations of NfL and ptau181 were

associatedwith declines in psychomotor andmental efficiency over 32

years measured using traditional neuropsychological tests.9

Recently, highly specific, and ultrasensitive assays for plasma

biomarkers for neurodegenerative diseases have been developed.10,11

However, the associations of such biomarkers with cognition vary

across populations, and their concentrations are associated with var-

ious comorbidities including chronic kidney disease.12,13 Due to the

filtering of the blood by the kidneys, kidney disease may alter the con-

centrations of those biomarkers in plasma, decreasing their accuracy in

predicting brain pathologies.14–16 Although there is a higher incidence

of kidney disease in those with T1D,17,18 we have found no studies

of the use of plasma assays for amyloid-tau-neurodegeneration (ATN)

biomarkers in these individuals considering kidney disease.

This study aimed to characterize the relationships between ATN

plasma biomarkers and cognitive function measured via digital assess-

ment, after controlling for diabetes complications and vascular risk

factors, including kidney disease and measures of glycemic control, in

individuals with T1D.

2 METHODS

2.1 Study setting

2.1.1 Study ethics

This study analyzed data from the Glycemic Variability and Fluctua-

tions inCognitive Status inAdultswithType1Diabetes (GluCog) Study.

Written informed consent was obtained from all participants, and all

study procedures were conducted in compliance with the Declaration

of Helsinki. This study was approved by the Jaeb Center for Health

Research Institutional Review Board.

2.1.2 GluCog study

The GluCog Study aimed to investigate the relationship between

glycemic excursions and cognitive functioning using digital cognitive

assessment in adults with T1D. Four endocrinology centers partic-

ipated in the study with central clinical site coordination by the

Jaeb Center for Health Research. The design, implementation, and

assessments have been described inmore detail elsewhere.19

2.2 Study sample

The analysis sample (N= 114) included adults with T1D (age range 19–

84 years, mean = 48.9) and at least 1 year since diagnosis (range 1–56,

mean = 28.4) who participated in the GluCog study and also provided
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RESEARCH INCONTEXT

1. Systematic review: With the availability of better dia-

betes treatment regimens, adults with type 1 diabetes

(T1D) are living longer. This substantial increase in life

expectancy is accompanied by age-related diseases, such

as dementia. However, there are few studies examining

the relationships betweenT1D, aging, and neurodegener-

ation. Relevant publications are appropriately cited.

2. Interpretation: Digital cognitive performancewas associ-

ated with ATN plasma biomarkers in T1D adults. Associa-

tions between plasma biomarkers and cognitive function

remained significant after further adjusting for kidney

disease and other diabetes complications.

3. Future directions: Future studies are needed with larger,

older, and more diverse samples to understand the util-

ity of ATN plasma biomarkers in T1D. The possible effect

of renal function on ATN biomarkers also requires fur-

ther study, including estimated glomerular filtration rate

(eGFR) and cerebrospinal fluid (CSF) or imaging biomark-

ers.

blood samples for plasma biomarker data. The exclusion criteria

included significant visual, motor, or hearing impairment, or a medi-

cal condition that interfered with the completion of the study, severe

chronic kidney disease (CKD, estimated glomerular filtration rate

[eGFR]<30mL/min), andbeingunable to complete remote assessment

between 9 a.m. and 9 p.m. None had a diagnosis of dementia.

2.3 Data collection

2.3.1 Baseline digital neuropsychological
assessment

Cognition was assessed through a secure web application (TestMy-

Brain digital platform) to complete a battery of self-administered

tests that took approximately 40 min.20 Participants were instructed

to complete the test in a quiet room in a single sitting. Tests were

completed on a laptop, desktop, or tablet computer. The selection

of neuropsychological tests was based on the psychometric char-

acteristics and recommendations from the Core Neuropsychological

Measures for Diabetes and Obesity Trials.21 The tests included: Verbal

and nonverbal reasoning: (1) TestMyBrain (TMB)Vocabulary22,23 and (2)

TMBMatrix Reasoning;23,24 Memory: (3) TMBVisual PairedAssociates

Memory;24 Working memory: (4) TMB Flicker Change Detection,19 (5)

TMB Multiple Object Tracking (MOT),25 and (6) TMB Paced Serial

Addition Test (PSAT);19 Cognitive control/executive functioning: (7) TMB

Gradual Onset Continuous Performance Test (GradCPT);24 and (8)

TMB Letter-Number Switching;26 Processing speed: (9) TMBDigit Sym-

bol Matching (DSM);22–24 and Psychomotor speed: (10) TMB Simple

Reaction Time,24,27 and (11) TMB Choice Reaction Time (Choice

RT).24,27 These cognitive tasks are reliable, valid for remote digital

administration,28 and have been fully described elsewhere.19 Mea-

sures of accuracy and median reaction time (RT) for correct responses

for each test were computed as appropriate. Formeasures of accuracy,

a higher score reflects better cognitive performance, while a longer RT

indicates more difficulty responding to a stimulus.

2.3.2 Plasma sampling and analysis

Whole blood for plasma sampling was collected within 6months of the

cognitive assessments in 10 mL ethylene-diamine-tetra-acetic (EDTA)

hematology tubes and processed within 30min of collection at each of

the four endocrinology centers that participated in the study. Following

centrifugation, the isolated plasmawas divided into 250microliter (μL)

aliquots frozen within 30 min of centrifugation and stored at −80◦C
until performing the biomarker assays. Plasma β-amyloid 40 and 42,

pTau181, NfL, and GFAP concentrations were measured in the Mass

General Institute for Neurodegenerative Disease (MIND) Biomarker

Core at Massachusetts General Hospital using the Quanterix Simoa

Neurology 4-plex E (N4PE) and Tau181 immunoassays on a Quan-

terix HD-X fully automated analyzer, according to the manufacturer’s

protocols. Plasma tau phosphorylated at threonine 217 (pTau217) con-

centrations were measured using the AlzPath Simoa immunoassay in

the Quanterix laboratory. All plasma biomarkers were run in dupli-

cate, and values were averaged. Samples were retained for analysis

if the coefficient of variation (CV) was < 20% across the duplicate

measurements.

2.3.3 Glycemic control

Hemoglobin A1c (HbA1c) was collected within 3 months of base-

line at the clinic visit. Continuous glucose monitor (CGM) data were

collected starting concomitantlywith baseline assessment using aDex-

com G6 Professional CGM System (Dexcom CGM, Food and Drug

Administration-approved) thatwasworn forup to20days (twosensors

were provided with up to 10 days wear time). The CGM system con-

sists of a sensor, a transmitter, and a receiver that measures interstitial

glucose concentrations every 5 min. The CV of CGM readings was cal-

culated as the ratio of the standard deviation to themean. Participants

were blinded to the study CGM readings; however, as the use of CGM

is considered standard care for T1D, some participants used personal

CGMdevices in addition to the study-administered device.

2.3.4 Diabetes characteristics, complications, and
vascular risk factors

Information regarding age at T1D onset and diabetes duration, as well

as diabetes-related complications, were retrieved via medical record
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review. The presence of any of the following medical records was clas-

sified as “kidney disease”: abnormal kidney function,microalbuminuria,

renal impairment, kidney transplant, chronic kidney disease, and dia-

betic nephropathy. Several lifetime severe hypoglycemic events (an

event requiring assistance with corrective actions to raise glucose)

were self-reported.

2.3.5 Other instruments and measures

Participants completed self-administered questionnaires for the col-

lection of sociodemographic data. Sex was self-reported. Education

was categorized as high school, technical school, some college, college

degree, and graduate/professional degree. Race and ethnicity were

self-reported. Body mass index (BMI) was calculated using height and

weight assessments from the in-person clinic visit.

2.4 Data treatment and statistical analysis

2.4.1 Digital cognitive data quality control

Information about browser, screen size, and operating system were

passively collected during digital cognitive data collection. They were

considered for the interpretation of the cognitive data, as they may

influence data quality.29 Exclusion criteria when task performancewas

comparable to chance or unlikely to represent adequate effort can be

found in Supplemental Material. This was rare (zero to six participants

excluded per test).There were no associations between data quality

and cognitive performance or plasma biomarkers (p> 0.5).

2.4.2 CGM data quality

We excluded the first 24 h of data from the CGM device due to the

reduced accuracy of data capture, consistent with the manufacturer’s

instructions.30

2.4.3 Statistical analysis

The Shapiro–Wilk testwas used to test for normality, and nonparamet-

ric analysis was used when needed. To determine whether cognitive

tests were associated with concentrations of the five plasma biomark-

ers, we first performedbivariate correlation analyses using Spearman’s

rho, as the data did not follow a normal distribution. Relationships

between biomarkers, demographics, and diabetes characteristics were

evaluated using Spearman’s rank correlation, Mann–Whitney U, and

Kruskal–Wallis tests, as appropriate. To control for type 1 error,

given multiple comparisons, we applied false discovery rate (FDR) cor-

rections to p-values. Significant correlations between cognition and

plasma biomarkers after FDR correction were re-analyzed using mul-

tiple linear regression, with the biomarker assigned as the outcome

and cognitive function as the predictor in separate models, adjusting

for age, sex, and education (Model 1). Except for the regressions of β-
amyloid 42/40 (with TMB Vocabulary and T1D age diagnosis), model

residualswere non-normally distributed. To satisfy regression assump-

tions of normally distributed residuals, pTau217, pTau181, NfL, and

GFAP biomarkers were log10 transformed in final analyses. Models

were built in stages to examine incremental variance explained (ΔR2)
by kidney diseases (Model 2) and other diabetes characteristics (Model

3). Specifically, we modeled other diabetes characteristics that were

associatedwith the respective plasmabiomarkers in the bivariate anal-

ysis.We also examinedmulticollinearity among independent variables.

The alpha level for statistical significance was set at 0.05. Statisti-

cal analyses were carried out using Statistical Package for the Social

Sciences (SPSS), version 28 forWindows.

3 RESULTS

3.1 Participant characteristics

Table 1 reports participant demographic and diabetes characteristics,

as well as the plasma biomarker concentrations. Table 2 presents neu-

ropsychological performance on the digitalmeasures. For each test, we

provide measures of accuracy and median RT for correct responses,

where appropriate.

3.2 Associations between cognitive performance
and plasma biomarkers

Table 3 shows the results of the correlation analyses to evaluate the

associations between cognitive functions and plasma biomarkers with

FDR-corrected p-values. We found that lower β-amyloid 42/40 was

associated with worse TMB Vocabulary accuracy, and it was the only

biomarker that correlated with this test. Higher pTau181 and pTau217

concentrations were associated with longer median RT for correct

responses on 6 and 7 of 11 tests, respectively. Higher GFAP concentra-

tion was associated with lower accuracy on five of the tests and with

longer median RT on eight tests. Higher NfL concentration was associ-

ated with lower accuracy on four tests and with longer median RT on

eight tests.

3.3 Associations between diabetes comorbidities,
glycemic variability, and plasma ATN biomarkers

Adjusted linear regression models with the variables that were signif-

icantly correlated in bivariate analysis are shown in Table 4. Higher

concentrations of pTau181were associatedwith greater glycemic vari-

ability and higher likelihood of having kidney disease, while higher

concentrations of pTau217were associatedwith longer diabetes dura-

tion, higher likelihood of having neuropathy and kidney disease. Higher

concentrations of NfL were associated with higher HbA1c and the
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TABLE 1 Demographic and clinical characteristics of the
participants

Parameter

Total sample

N= 114

Age, mean (SD)/range (n= 112) 48.9 (14.4)/19–84 years

Female self-reported sex, n (%) 60 (52.6)

Education (n= 108), n (%)

High school 6 (5.3)

Technical school 22 (19.3)

Some college 16 (14.0)

College degree 45 (39.5)

Graduate degree ormore 22 (19.3)

Not sure or not reported 3 (2.6)

Ethnicity, n (%)

Hispanic or Latinx 11 (9.6)

Not Hispanic or Latinx 103 (90.4)

Race, n (%)

Asian 1 (0.9)

Black or African American 6 (5.3)

Multiracial 2 (1.8)

Native Hawaiian/Pacific Islander 1 (0.9)

Unknown 2 (1.8)

White 102 (89.5)

Age at T1D diagnosis, mean

(SD)/range

20.2 (12.6)/1–57

Age at diagnosis≤ 18 years (yes), n
(%)

59 (51.8)

Diabetes duration, mean

(SD)/range

28.47 (14.66)/1–56

BMI (kg/m2), mean (SD)/range 28.46 (5.68)/18–45

CGMCV (%), mean (SD)/range 36.59 (7.28)/11.00–68.00

HbA1c (mmol/mol), mean

(SD)/range

7.59 (1.32)/5.4–12.0

Severe hypoglycemic events

(number of life events), mean

(SD)/range

2.08 (2.26)/0.0–6.0

Diabetes complications (yes), n (%)

Kidney diseasea 10 (8.8)

Neuropathy 13 (11.4)

Retinopathy 5 (4.4)

Microvascular diseaseb 22 (19.3)

Vascular risk factors (yes), n (%)

Hypertension 42 (36.8)

Hyperlipidemia 48 (42.1)

(Continues)

TABLE 1 (Continued)

Parameter

Total sample

N= 114

Plasma biomarkers (pg/mL), mean

(SD)/range

(excluded those with CV> 25%)

pTau181 (n= 104) 2.49 (1.50)/0.69–7.23

pTau217 (n= 114) 0.43 (0.25)/0.13–1.29

β-amyloid 42/40 (n= 112) 0.067 (0.010)/0.041–0.094

GFAP, pg/mL (n= 111) 87.31 (49.81)/23.61–273.84

NfL, pg/mL (n= 113) 16.42 (10.51)/3.73–59.7

Abbreviations: BMI, body mass index, CGM, continuous glucose monitor;

CV, coefficient of variation; GFAP, glial fibrillary acidic protein; HbA1c,

hemoglobin A1c test; T1D, type 1 diabetes; NfL, neurofilament light chain;

pTau, phosphorylated tau; SD, standard deviation.
aKidney disease included any of the following bymedical records: abnormal

kidney function, diabetic nephropathy,microalbuminuria, renal impairment,

kidney transplant, or chronic kidney disease.
bPresence of at least onemicrovascular complication.

presence of kidney disease. Lower β-amyloid 42/40 ratios were associ-

atedwitholder ageofT1Donset, adult T1Donset, and shorter diabetes

duration. After adjustments, GFAP was only associated with severe

hypoglycemic events.

3.4 Adjusted associations between cognitive
function and ATN plasma biomarkers

Table 5 presents the results of separate linear regressionmodels inves-

tigating the relationships between cognitive function and ATN plasma

biomarkers that were significant when adjusting for age, sex, and edu-

cation. Models were built in stages to evaluate variance explained by

age, sex, and education (model 1, R2), as well as incremental vari-

ance explained by kidney disease (model 1 vs. 2, ΔR2a) and diabetes

variables that were associated with each of the plasma biomarkers in

Table 4 (model 2 vs. 3, ΔR2b). Based on these analyses, we determined

that longer TMB PSAT median RT was associated with higher concen-

trations of pTau181 (Model 1, R2 = 26%). The associations between

TMBPSATmedianRTandpTau181 remained significant after account-

ing for kidney disease (Model 2, ΔR2a = 4.6%) and glycemic variability

(Model 3, ΔR2b = 4.9%). Higher GFAP concentrations were associ-

ated with slower TMB PSAT median RT, adjusting for age, sex, and

education (Model 1, R2 = 40.7%). After adjusting for kidney disease

(Model 2, ΔR2a = 6.0%), the association between GFAP and TMB

PSAT median RT was no longer significant. However, with the inclu-

sion of the diabetes characteristic associated with GFAP in Table 4,

GFAP was significantly associated with TMB PSAT median RT (Model

3,ΔR2b=8.0%). Furthermore, lower β-amyloid 42/40 ratioswere asso-

ciated with worse TMB Vocabulary accuracy (Model 1, R2 = 6.9%),

and these associations persisted after accounting for kidney disease

(Model 2, ΔR2a = 0.00001%) and age at T1D diagnosis (Model 3,

ΔR2b= 9.2%).
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TABLE 2 Baseline cognitive performance of the participants

Parameter Total sample (N= 112)

Cognitive assessment Mean (SD)/range

Verbal and nonverbal reasoning

TMBVocabulary Testb

Accuracy, % 0.83 (0.09)/0.56–0.96

Median RT for a correct response, ms 3279 (764) / 2061 – 7071

TMBMatrix Reasoningc

Accuracy, % 0.75 (0.09)/0.38–0.94

Median RT for a correct response, ms 5673 (2658)/2335–15224

Memory

TMBVisual Paired Associates

Memoryf

Accuracy, % 0.57 (0.18)/0.20–0.95

Median RT for a correct response, ms 3635 (1114)/1397–7214

Workingmemory

TMB Flicker Change Detectionb

Accuracy, % 0.95 (0.06)/0.59–1.00

Median RT for a correct response, ms 5848 (2133)/2588–11921

TMBMOTb

Accuracy, %
0.73 (0.10)/0.44–0.94

TMBPSATe

Accuracy, % 0.74 (0.15)/0.37–1.0

Median RT for a correct response, ms 822 (179)/387–1199

Cognitive control/executive

function

TMBGradCPTb

Median RT for a correct response, ms 855 (92)/448–1014

d-primed 2.48 (0.78)/0.61–4.21

TMB letter-number switchingb

Accuracy, % 0.96 (0.04)/0.68–1

Median RT for a correct response, ms 1252 (381)/599–2409

Processing speed

TMBDSMc

Median RT for a correct response, ms 1091 (339)/620–2466

Psychomotor speed

TMB Simple Reaction Time

Median RT for a correct response, ms
361 (81)/245–626

TMBChoice Reaction Timea

Accuracy, %
0.97 (0.05)/0.60–1

Median RT for a correct response, ms 1024 (368)/631–3467

Abbreviations: DSM, Digit Symbol Matching; GradCPT, Gradual Onset

Continuous Concentration Test; MOT, Multiple Object Tracking; ms, mil-

liseconds; PSAT, Paced Serial Addition Test; RT, reaction time; SD, standard

deviation; TMB, TestMyBrain.
an= 108;.
bn= 111;.
cn= 109;.
dd-prime is a measure of discrimination sensitivity (accuracy).
en= 105;.
fn= 110.

To clarify the influence of childhood versus adult T1D onset in the

associations between β-amyloid 42/40 ratios and TMB Vocabulary

accuracy, we re-ran β-amyloid 42/40 ratios analyses (Model 3)with age

coded as a binary (≤ 18 years of age,> 18 years of age) rather than con-

tinuous variable. Associations between lower β-amyloid 42/40 ratios

and worse TMB Vocabulary accuracy persisted (β = 0.220 p = 0.024).

To further understand the impact of age at diagnosis, we conducted

a secondary analysis examining age (continuous) as a moderator of

associations between β-amyloid 42/40 ratios and TMB Vocabulary

accuracy. Age at onset emerged as a significantmoderator (β=−0.304,
p = 0.005, R2 = 0.08). Specifically, the positive association between β-
amyloid 42/40 ratios and TMB Vocabulary accuracy was stronger in

participants with older onset of T1D.

4 DISCUSSION

In 114 adults with T1D, ATN plasma biomarkers correlated with tests

frommultiple cognitive domains in unadjusted bivariate analyses.Mul-

tivariate analyses, adjusting for demographics, further revealed that

higher concentrations of pTau181 and GFAP were associated with

slower working memory and lower β-amyloid 42/40 ratios were asso-

ciated with worse verbal reasoning. The associations of cognition with

pTau181, β-amyloid 42/40, and GFAP remained significant after fur-

ther adjusting for the presence of kidney disease and other diabetes

complications.

The fact that slower workingmemory, but not accuracy, was related

to pTau181 and GFAP in this study suggests that working memory

speed may be a sensitive early indicator of neurodegeneration in the

T1D population. Our results are consistent with meta-analytic evi-

dence linking longerRTs toMCI in thegeneral population.31,32 Working

memory RT is not typically measured using traditional working mem-

ory tasks, raising the possibility that the digital assessment battery

used in this study may have facilitated this finding. Given the relatively

younger age of the sample, our findingsmay indicate that slowerwork-

ing memory performance precedes overt errors. However, it is also

important to note that other RT measures used in this study were not

associated with biomarkers in the final models.

Our results showed that having a lower plasma β-amyloid 42/40

ratio, a marker of AD pathology,33 was associated with worse perfor-

mance on a vocabulary test, a measure of crystallized cognitive ability.

Verbal ability is known to resist the effects of non-pathological aging34

and is related to the concept of cognitive reserve35 in which cognitive

abilitiesmay serve as advantageous resources that delay the impacts of

neuropathological degeneration. The associations found here suggest

that people with less crystalized cognitive ability may be more prone

to Alzheimer’s pathology compared to those with more crystalized

cognitive resources; however, this hypothesis needs to be confirmed.

Different concentrations of plasma biomarkers may indicate subtle

differences in neuropathology and symptom onset, yet their impor-

tance in the cognitive status of adults with T1D remains unclear. In this

study the associations between cognitive performance and pTau181,

GFAP, and β-amyloid 42/40 ratio were all in the pathological direction.
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TABLE 3 Unadjusted correlations between ATN biomarkers and performance in baseline cognitive assessment with p-values adjusted for
multiple comparisons using FDR.

ATN biomarker

Spearman’s Rho

Parameter

pTau181

(n= 102)

pTau217

(n= 111)

β-amyloid 42/40

(n= 109)

GFAP

(n= 108)

NfL

(n= 110)

Baseline cognitive assessment

Verbal and nonverbal reasoning

TMBVocabulary

Accuracy 0.111 0.029 0.272a 0.129 −0.026

Median RT for correct response 0.170 0.072 0.036 0.103 −0.29

TMBMatrix Reasoning

Accuracy −0.037 −0.095 −0.043 −0.102 −0.222b

Median RT for correct response 0.134 0.130 −0.021 0.269a 0.089

Memory

TMBVisual Paired AssociatesMemory

Accuracy −0.120 −0.076 0.170 −0.245a −0.159

Median RT for correct response 0.217a 0.254b 0.022 0.227a 0.226a

Workingmemory

TMB Flicker Change Detection

Accuracy −0.125 −0.172 −0.010 −0.316b 0.307b

Median RT for correct response 0.247a 0.238b 0.019 0.437b −0.395b

TMBMOT

Correct responses −0.148 −0.128 0.024 −0.342b −0.234b

TMBPSAT

Accuracy −0.045 −0.111 0.078 −0.234a −0.233

Median RT for correct response 0.393b −0.255a 0.071 0.339b 0.275b

Cognitive control/executive functioning

TMBGradCPT

d-prime −0.135 −0.113 0.114 −0.316b −0.227a

Median RT for correct response 0.272b 0.256b −0.044 0.474b 0.388b

TMB Letter-Number Switching

Accuracy 0.106 0.130 0.074 −0.024 −0.062

Median RT for correct response 0.174 0.207a −0.043 0.313b 0.294b

Processing speed

TMBDSM

Median RT for correct response 0.270b 0.391b −0.046 0.386b 0.342b

Psychomotor speed

TMB Simple Reaction Time

Median RT for correct response 0.146 0.038 0.104 0.154 0.239a

TMBChoice Reaction Time

Accuracy

0.004 −0.013 −0.020 −0.061 −0.090

Median RT for correct response 0.242a 0.231a −0.082 0.429b 0.454b

Abbreviations: ATN, β-amyloid, tau pathology, and neurodegeneration; DSM, Digit Symbol Matching; FDR, false discovery rate; GFAP, glial fibrillary acidic

protein; GradCPT, gradual onset continuous concentration test; MOT, Multiple Object Tracking; ms, milliseconds; PSAT, Paced Serial Addition Test; NfL,

neurofilament light chain; pTau, phosphorylated tau; RT, reaction time; TMB, TestMyBrain.
aCorrelation is significant at the 0.05 level (2-tailed) after FDR correction.
bCorrelation is significant at the 0.01 level (2-tailed) after FDR correction.



8 of 12 FONSECA ET AL.

TABLE 4 Separate linear regressionmodels for the associations between ATN plasma biomarkers and diabetes characteristics that were first
associated with the respective biomarker in bivariate analysis, adjusted for age, sex, and education

Unstandardized

coefficient

Standardized

coefficient

95% confidence

interval for B

p-valueParameter B β Lower bound Upper bound

Dependent variable: pTau181 (n= 102)

Predictor:Glycemic variability 0.008 0.240 0.002 0.013 0.008

Diabetes duration 0.003 0.163 −0.001 0.007 0.158

Hypertension 0.044 0.089 −0.053 0.142 0.370

Hyperlipidemia 0.057 0.118 −0.041 0.155 0.254

Neuropathy 0.087 0.122 −0.040 0.214 0.177

Kidney diseasea 0.201 0.251 0.062 0.339 0.005

Dependent variable: pTau217 (n= 114)

Predictors:

BMI 0.003 0.077 −0.003 0.010 0.343

Diabetes duration 0.004 0.249 0.001 0.007 0.012

Hypertension 0.034 0.071 −0.049 0.117 0.415

Hyperlipidemia 0.037 0.077 −0.047 0.120 0.388

Neuropathy 0.121 0.167 0.011 0.232 0.031

Kidney diseasea 0.140 0.171 0.016 0.264 0.028

Dependent variable: β-amyloid 42/40 (n= 109)

Predictor:

T1D diagnosis age −0.0003 −0.350 −0.0004 −0.0001 <0.001

Age at diagnosis≤ 18 years 0.007 0.331 0.003 0.011 0.001

Diabetes duration 0.0003 0.407 0.0001 0.0004 <0.001

Dependent variable: GFAP (n= 108)

Predictors:

Diabetes duration 0.003 0.170 −0.0003 0.006 0.076

Hypertension 0.002 0.004 −0.78 0.082 0.962

Hyperlipidemia 0.028 0.062 −0.051 0.108 0.480

Severe hypoglycemic events 4.137 0.209 0.652 7.622 0.021

Dependent variable: NfL (n= 110)

Predictors:

T1D diagnosis age −0.002 −0.096 −0.05 0.001 0.255

Diabetes duration 0.002 0.111 −0.001 0.005 0.255

HbA1c 0.055 0.286 0.028 0.083 <0.001

Hypertension 0.090 0.168 0.000 0.179 0.050

Hyperlipidemia −0.017 −0.033 −0.108 0.073 0.706

Kidney diseasea 0.193 0.215 0.062 0.324 0.004

Abbreviations: ATN, β-amyloid, tau pathology, and neurodegeneration; BMI, body mass index, GFAP, glial fibrillary acidic protein; NfL, neurofilament light

chain; pTau, phosphorylated tau; T1D, type 1 diabetes.
aKidney-related disease includes any of the following by medical records: abnormal kidney function, diabetic nephropathy, microalbuminuria, renal

impairment, kidney transplant, or chronic kidney disease. Data for pTau181, pTau217, GFAP, andNfL were log10 transformed in the regressionmodels.

The more pathological the concentrations of biomarkers of neurode-

generation, theworse the cognition in specific tasks in this adult sample

of individualswith T1Dwith no diagnosis of dementia. GFAP, β-amyloid

42/40 ratio, and pTau181 are all associated with dementia.36 How-

ever, GFAP is considered a nonspecific marker of neurodegeneration37

associated with β-amyloid deposition but not with tau aggregation.38

PTau181 is considered one of the best plasma biomarker predictors

of in vivo amyloid beta deposition and cognitive decline36 in the gen-
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TABLE 5 Significant associations between cognitive performance and ATN plasma biomarkers in pairwise linear regressionmodels adjusted
for age, sex, and education (Model 1), and additionally for kidney disease (Model 2) and other diabetes characteristics associated with the
respective biomarker (Model 3)

Unstandardized

coefficient

Standardized

coefficient

95% confidence

interval for B

Parameter B β Lower bound Upper bound p-value

Dependent variable: pTau181 (n= 96)

Predictor:
Working memory, PSATmedian RTb

Model 1 (adjusting for age, sex, and education)

0.0003 0.261 0.0001 0.001 0.007

Model 2 (adjusting for age, sex, education, and
kidney disease)

0.0003 0.219 0.00004 0.001 0.023

Model 3 (adjusting for age, sex, education, kidney
disease, and glycemic variability)

0.0003 0.205 0.00003 0.001 0.028

Dependent variable: β-amyloid 42/40 (n= 109)

Predictor:

Verbal reasoning, Vocabulary accuracya,b

Model 1 (adjusting for age, sex, and education) 0.028 0.260 0.007 0.048 0.009

Model 2 (adjusting for age, sex, education, and
kidney disease)

0.028 0.261 0.007 0.048 0.010

Model 3 (adjusting for age, sex, education, kidney
disease, and age at diagnosis)

0.026 0.245 0.006 0.046 0.011

Dependent variable: GFAP (n= 102)

Predictor:

Working memory, PSATmedian RTb

Model 1(adjusting for age, sex and education) 0.0002 0.175 0.00001 0.0004 0.036

Model 2 (adjusting for age, sex, education, and
kidney disease)

0.0002 0.159 0.00001 0.0004 0.062

Model 3: (adjusting for age, sex, education, kidney
disease, and severe hypoglycemic events)

0.0002 0.185 0.00001 0.00042 0.042

Abbreviations: ATN, β-amyloid, tau pathology, and neurodegeneration; GFAP, glial fibrillary acidic protein; NfL, neurofilament light chain; PSAT, Paced Serial

Addition Test; pTau, phosphorylated tau; RT, reaction time.
aVocabulary accuracy was the only predictor associated with the outcome in themodel. Age was associated with pTau181 and GFAP. Kidney-related disease

was associated with pTau181. Age at diagnosis was associated with β-amyloid 42/40. Data for pTau181, pTau217, GFAP, and NfL were log10 transformed in

the regressionmodels.
bStatistics reported in the table refer to the cognitive variable after adjusting for the other variables in eachmodel.

eral population and is highly associated with the clinical presentation

of dementia.39 Future research is needed to understand whether

concentrations of these different plasma biomarkers reflect specific

neurodegenerative processes in adults with T1D.

Recently, studies on ATN plasma biomarkers showed that reduced

renal functionmay affect plasmabiomarker concentrations.12,40,41 The

presence of kidney disease has also been found to be a risk factor for

vascular dementia and AD in some,42,43 but not all studies.44,45 We

observed that pTau181, pTau217, and NfL, but not β-amyloid 42/40

ratio and GFAP, were significantly higher in those with kidney disease

in this study. This is consistent with studies showing that biomarker

ratios may be less affected by glomerular filtration,14,46 which would

be the case for β-amyloid 42/40. Similarly, a 17-year follow-up study

with 6256 participants conducted in Germany found no association

between GFAP and kidney function.44 Here, we found that the pres-

ence of kidney disease, as determined by medical record review, only

slightly altered the associations between plasma biomarkers and cog-

nitive function. Interestingly, GFAP was one of the biomarkers that

was not directly associated with the presence of kidney disease in this

study. In addition, abnormal hepaticβ-amyloid clearancehasbeenasso-

ciated with brain β-amyloid deposition.47 Our sample has no cases of

chronic liver disease. However, our findings are limited by not having a

measure of kidney or liver function. Future work on the use of plasma

biomarkers in individuals at risk for kidney disease should also include

eGFR and CSF or imaging biomarkers to study the effects of reduced

renal and liver function on the validity of ATNplasmabiomarkers levels

and establish concentration reference ranges.

All five ATN plasma biomarkers included in this study were asso-

ciated with other diabetes-related characteristics, complications, and

vascular risk factors. After adjustment, higher pTau181 concentrations
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were associated with greater glycemic variability, higher pTau217 con-

centrations were associated with the presence of neuropathy, lower

β-amyloid 42/40 ratios were associated with older age at T1D onset,

and higher GFAP concentrations were associated with lifetime num-

ber of severe hypoglycemic events. As such, our results show that

plasma biomarkers of neurodegeneration are associated with some

diabetes characteristics in adults with T1D, and this may point to

mechanisms that underly neurodegeneration in T1D. The association

between lower β-amyloid 42/40 ratios and older age at T1D onset

was not initially expected. One hypothesis is that, since those with

T1D onset at younger ages have different cognitive profiles, withmore

impairment throughout life1,48 and potentially different etiology, com-

pared to those with late-onset T1D,49 the mechanisms underlying

early and late T1D may play a role in risk for cognitive decline and/or

protection. Epigenetic lifestyle risk factors suspected to be related

to late-onset T1D, such as weight gain and smoking,1 may also be

associated with AD. Interestingly, in a recent study reporting plasma

biomarkers in individuals with T1D, the authors also found an associ-

ation between severe hypoglycemic events and GFAP concentrations,

but in the opposite direction.9 Further studies are needed to under-

stand the relationship between the occurrence of severe hypoglycemic

events and the presence of neurodegenerative markers.

4.1 Strengths and limitations

Our study has limitations. First, we did not collect eGFR, creatinine,

or liver function tests for our participants to estimate kidney or liver

function. Second, our samplewasofmodest size andconsistedpredom-

inantly of non-Hispanic White individuals, limiting the generalizability

of our findings. Third, the wide age range in our sample (18–84 years),

may have underpowered our analyses, as ATN plasma biomarkers are

less likely to be present in younger individuals. The wide age range

may also influence digital cognitive performance, as older participants

may have lower digital skills. However, the tests used in this study have

been validated in many cohorts of older adults.24,50 Fourth, the cogni-

tive assessment was weighted to the cognitive dysfunction commonly

seen in T1D, rather than traditional tasks of episodic memory, visual-

spatial skill, and semantic memory, which are typically associated with

AD. Among the strengths of this study are that it is the first study to

(i) report plasma ATN biomarker results in individuals with T1D, (ii)

consider the presence of comorbidities including kidney disease, and

(iii) investigate associations between plasma biomarkers of neurode-

generation and digital cognitive assessments, which are alternatives to

traditional neuropsychology testing.

5 CONCLUSION

In adults with T1D, concentrations of plasma pTau181, pTau217, β-
amyloid 42/40 ratio, GFAP, and NfL were correlated with cognitive

function. Multivariate analyses revealed that pTau181, GFAP, and β-
amyloid 42/40 were associated with cognitive performance. Slower

working memory was related to higher pTau181 and GFAP, sug-

gesting that this may be an early indicator of neurodegeneration in

this population. Kidney disease only slightly altered the associations

between plasma biomarkers and cognitive function in this study. The

possible effect of renal function on this biomarker requires further

study. Moreover, the positive association between β-amyloid 42/40

and vocabulary, ameasure of crystallized cognitive ability, may suggest

protective mechanisms related to cognitive reserve. Further investiga-

tion of plasma ATN biomarkers and longitudinal cognitive decline will

be crucial for determining their utility in T1D clinical care.
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